The aim of the present study was to determine the impact of malnutrition during early postnatal life and the feeding pattern of rat offspring when adults (2 months and 1 year old). In comparison with rats normally fed during lactation, we observed that adult offspring displayed a faster process of feeding reduction when a protein-free diet was offered. In addition, we studied the concentration of insulin and leptin in the lactating pups (10 days) and when these offspring became adult after the onset of a new feeding pattern induced by the proteinfree diet. When the diet was changed at 60 days, the offspring malnourished during lactation displayed, after 3 days, a food intake reduction around 41.4 vs 14.2% of the control group. At 10 days of life, plasma leptin and insulin were higher in the malnourished pups when compared with normally fed rats (leptin: 4.6 ± 0.8 vs 2.25 ng/ml; insulin: 0.73 ± 0.12 vs 0.22 ± 0.03 ng/ml) while at 60 days they showed reduction of both hormones when compared with the control group (leptin: 1.03 ± 0.25 vs 1.43 ± 0.5 ng/ml; insulin: 0.54 ± 0.3 vs 0.61 ± 0.4 ng/ml). Despite the different food intake reductions, the malnourished and control rats displayed a similar reduction of insulin and leptin after 3 days of protein-free diet (from 60 to 63 days). The data suggest that the high concentration of insulin and leptin found at 10 days in the malnourished pups may elicit a sustained long-term and unique feeding pattern. 
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Introduction
Although malnutrition during gestation has been considered to play a putative longterm role for the predisposition to obesity, vascular disease and diabetes mellitus type 2 (1-3), there are few reports on the effects of early postnatal malnutrition in chronic diseases. Therefore, little attention has been paid to the surprising observation that animals malnourished during lactation display a different weight gain and food intake development when compared with offspring from dams malnourished during gestation or normally fed (4) .
Weight gain and feeding are mainly modulated by neural and hormonal inputs to the hypothalamus. Leptin, a hormone primarily secreted by adipose tissue (5, 6) , and pancreatic insulin have recently elicited attention as important modulators of the hypothalamus in terms of feeding patterns and energy expenditure (7) . In addition, it has been shown that the action of these hormones on the feeding regulatory mechanisms, mainly through the hunger modulator neuropeptide Y, is fully present very early on in life and is sensitive to nutrient modulation (8) . Nevertheless, it is still not known whether leptin and insulin participate in the characteristic feeding and growth pattern of animals malnourished during the early postnatal period (lactation).
Recent data have shown that the actions of leptin and insulin are mutually dependent on the modulation of intermediary metabolism (9) . Insulin regulates the ob gene in vivo or in vitro and leptin enhances the insulin action in different tissue (10) . In previous studies with rats, we showed that malnutrition early in lactation induces long-term alterations in energy homeostasis when rats become adult. Basically, unlike the effect of malnutrition during gestation and/or lactation (11, 12) , during the early lactation period (the first 10 days) a reduction of insulin secretion and an increase of insulin sensitivity were induced in the animals (13) (14) (15) .
In the present investigation, we postulated that early malnutrition is associated with unique feeding patterns of the offspring when adults (2 months and 1 year old), and that early high insulin and leptin concentrations found in the lactating pups at 10 days of age are associated with the different feeding patterns found in the offspring when adults.
Material and Methods
Virgin rats (200-220 g) were mated and the pregnant dams were randomly housed in individual cages at 23 ± 2ºC on a 12-h light/ dark cycle (7:00-19:00 h). The dams were fed ad libitum a 22% protein diet during gestation. After delivery each lactating dam was kept with six pups (16) in two groups. In order to avoid data from pups delivered by the same dam, six females were malnourished during the first 10 days of lactation with a protein-free diet (PFD) and only one lactating pup from each dam was sacrificed at 10 days of age (N = 6) (ML10 = malnourished diet during lactation, age = 10 days); the control group was similar to the latter but the pups were from dams fed a normoprotein diet (N = 6) (NL10 = normoprotein diet during lactation, age = 10 days). After weaning, the study was divided into two stages.
During the first, we observed the effect of malnutrition during early lactation that induced differential weight gain and food intake in the animals when they were adults. In this part of the study 1-year-and 1 year and 3-month-old animals were used. Two groups were studied: a control group fed a normoprotein diet (22% protein) (NLa) throughout the experiment and a second group which was undernourished during the first 10 days of lactation by feeding the dams a PFD (MLa). After one year of age, both groups were submitted to two periods of malnutrition with a PFD for 30 days. The periods were separated by a nutritional recovery period of 60 days (both groups were fed a 22% protein diet).
In the second part of the study, pups from both groups (NL and ML) were divided into two groups. To study the effect of changing the diet on body weight, food intake and insulin and leptin levels, after weaning (21 days), 36 pups from 36 dams malnourished or not during the first 10 days of lactation were housed in individual cages from weaning until 60 or 63 days of age, when they were studied. Basically, groups of six randomly selected offspring from the undernourished or normoprotein fed lactating dams were sacrificed at 60 and 63 days of age (submitted or not to a PFD during the last 3 days) (groups NL60 = normoprotein diet during lactation, age = 60 days; ML60 = malnourished diet during lactation, age 60 days; NL63 = normoprotein diet during lactation and studied at 63 days of age, with the diet changed at 60 days, and ML63 = malnourished diet during lactation and studied at 63 days, with the diet changed at 60 days) were malnourished during the first 10 days of lactation with a PFD (ML group), and the second group was made up of dams fed a normoprotein diet during lactation (21 days).
Weight gain and food intake were measured every 3 days. All experiments were done between 9:00 h and 11:00 h. The animals were cared for in accordance with the principles set out in the Guide to the Care and Use of Experimental Animals (Committee on Care and Use of Laboratory Animals, National Research Council, USA, 1985) .
Plasma insulin of the rats at 10, 60 and 63 days of age was measured by radioimmunoassay. Monoiodinated insulin [I 125 ] (Amersham Life Science Inc., Cleveland, OH, USA) was diluted in a solution of 10 mM sodium phosphate, 5% bovine albumin, pH 7.4, and guinea pig anti-insulin antibody diluted to 1:200,000 (kindly provided by Dr. William Mallaisse, Brussels, Belgium). For the standard curve, cold rat insulin was used (Crystal Chemical Inc., Chicago, IL, USA) (17, 18) . Leptin was measured in the same plasma by ELISA (Leptin Elisa Kit DSL-10-241000, Active, Diagnostic Systems Laboratories Inc., Webster, TX, USA).
The diet used to induce malnutrition was isocaloric in relation to the control diet. The diet supplementation with vitamins and minerals was based on the recommendations of the American Institute of Rodent Nutrition Diets (19) . The basic diet composition was cornstarch, soy oil and a mixture of vitamins and salts.
The results are reported as mean ± SEM. Data for the control and malnourished groups were compared by the Student t-test, with the level of significance set at P<0.05. When necessary, values were compared by analysis of variance (ANOVA) for repeated measurements. Figure 1 shows the body weight and food intake of the control adult animals (NLa) and adult (1 year old) undernourished animals during the first 10 days of lactation (MLa). After the control diet was replaced with the PFD, the weight of both groups decreased similarly. Food intake reduction (FIR) was different when the groups were compared. As shown in Figure 1 , the FIR of the NLa was 49% during the first period of PFD (from 14.9 ± 0.3 to 7.6 ± 0.15 g diet/day) and 27.2% during the second period of PFD (from 10.03 ± 0.3 to 7.5 ± 0.2 g diet/day). However, the MLa group, when compared with the NLa group, displayed a significantly greater FIR which was 69.6% (from 12.8 ± 0.25 to 3.9 ± 0.5 g diet/day) during the first period and 65.2% (from 11.2 ± 0.4 to 3.9 ± 0.2 g diet/day) during the second. Figure 2 shows the experiments with the 60-day-old animals that were malnourished during the first 10 days of lactation (ML) or normally nourished (NL) during development and after the introduction of the PFD at 60 days. As described for the older animals, in these ones (60 days old) the association between body weight and food intake after a period of PFD (3 days) was significantly different. Basically, the animals from the NL group, whose diet was not changed at 60 days, maintained the weight gain until the end of the experiment (63 days). Both groups malnourished with the PFD at 60 days displayed a different weight reduction when compared with the weight at 63 days (NL: 175.3 ± 5 to NL*: 168.5 ± 9 g (9.6%) vs ML: 166.6 ± 6 to NL*: 144.9 ± 4 g (8.2%), P<0.001). As shown in Figure 2 , the FIR of the previously malnourished animals was higher than control. The impact of the PFD on the FIR was 41.4% (ML: 13.3 ± 3 to ML*: 7.8 ± 1 g diet/day, P<0.001). In contrast, the reduction of FIR in the NL group submitted to the PFD from day 60 to 63 was only 14.2% (NL: 15.5 ± 2 to NL*: 13.3 ± 0.5 g diet/day). Figure 3 illustrates the plasma insulin and leptin concentrations of the NL and ML groups at different ages. At 10 days ML pups presented a significant increase of insulin when compared to NL (NL10: 0.22 ± 0.03 vs ML10: 0.73 ± 0.12 ng/ml, P<0.001). Also, the leptin concentration of ML was significantly higher (NL10: 2.25 ± 0.4 vs ML10: 4.6 ± 0.8 ng/ml, P<0.001). Nevertheless, at 60 days of age no difference was observed in insulin or leptin concentrations between NL and ML (insulin -NL60: 0.61 ± 0.4 vs ML60: 0.54 ± 0.3 ng/ml; leptin -NL60: 1.43 ± 0.5 vs ML60: 1.03 ± 0.25 ng/ ml). On the other hand, after both groups were submitted to the 3 days of PFD, the ML group displayed a significant reduction in insulin (NL63: 0.58 ± 0.02 vs ML63: 0.21 ± 0.5 ng/ml, P<0.001) and leptin concentration (NL63: 0.12 ± 0.025 vs ML63: 0.5 ± 0.05 ng/ml, P<0.001). By contrast, there was no effect of PFD on the insulin or leptin concentration of the 63-day-old rats nourished normally during lactation. Figure 2 . Animal body weight (upper panel) and food intake (lower panel) of rats from dams normally nourished (NL) or malnourished (ML) with a protein-free diet (PFD) during the first 10 days of lactation. At 60 days of age both groups were submitted to a PFD (groups NL* and ML*). Significant differences in animal body weight and food intake were observed between NL* and ML* at 63 days (3 days of PFD). The arrows indicate the time (age) when independent groups were sacrificed to collect blood for insulin and leptin measurements. Data are reported as means ± SEM (N = 6). and ML10 represent the hormone concentration of animals at 10 days of age. NL60 and ML60 represent the animals submitted to the above treatment at 60 days of age and NL63 and ML63 correspond to animals that were later fed a PFD during the last 3 days (from 60 to 63 days). *P<0.01 and **P<0.001 compared to control at same age and 3 days after PFD (Student t-test and ANOVA).
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Discussion
Our study showed for the first time that a PFD fed to the dams during early lactation induced in the offspring when adults (2 months and 1 year old) a different feeding pattern when compared with animals whose dams were fed a normal diet. This effect clearly reflects a metabolic imprinting effect on feeding behavior. Basically, the animals malnourished during early lactation, when submitted to a different diet reduced their food intake in a more marked way than normally nourished animals. We suggest that this appetite-dampening process was associated with the type of nutrition early in life and once acquired was sustained throughout the life of the animal.
In this study we hypothesized that leptin and insulin levels may be associated with the observed onset of the feeding pattern. For instance, in humans, leptin increases at the end of gestation, continues to increase at the beginning of lactation and then starts declining until adulthood (20) (21) (22) . These data observed for humans are emphasized in our study with animals fed a control diet, in which we observed higher leptin levels in 10-day-old rats compared with 60-day-old rats. Moreover, this hormone profile was found to be more prominent in animals malnourished during early lactation, with our data showing that PFD induced a high plasma concentration of leptin and insulin when the undernourished animals were compared with controls at 10 days.
The 60-day-old animals undernourished during early life displayed a reduced food intake when the diet was replaced with the PFD. In comparison with the 10-day-old animals, leptin and insulin concentrations were found to be reduced and at 63 days of age, after 3 days of PFD, were found to be even more reduced when compared with those at 60 days. These data allow us to hypothesize that the high levels of these hormones in the malnourished animals at 10 days of age may also increase the hypothalamic sensitivity to leptin. In other words, at 60 days the regulatory control mechanisms of feeding behavior in early-life malnourished animals were quite satisfactory for food restriction. This observation supports the idea that restricted feeding early in life should determine long-term resetting of major hormonal axes, such as insulin and leptin, thus controlling energy homeostasis and body weight.
It has been suggested that insulin and leptin are involved in the modulation of neuropeptide Y for setting the long-term body weight. For instance, it has been described that diets rich in carbohydrates rapidly increase the expression, synthesis and release of hypothalamic neuropeptide Y (23) . Also, recent observations have shown that food availability and intake induce a profound effect on the neuropeptide Y receptor in normally nourished or malnourished rats (8, 24, 25) . Therefore, we may suggest that by increasing leptin and insulin, the feeding behavior and energetic utilization were balanced. Also, the high level of these two hormones may reflect an adaptive process oriented towards animal survival in an environment deprived of nutrients. For instance, the fact that leptin increases glucose uptake and GLUT4 recruitment (26) reinforces the idea that at 10 days of age the malnourished rats adapted their feeding behavior to a lower food (milk) availability to optimize the nutrient (glucose) utilization (high insulin).
Despite the fact that the aim of the present study was not to identify the underlying mechanisms of the recently discussed process of metabolic imprinting or programming (27, 28) , our data suggest that during the postnatal period leptin and insulin may be associated with energy intake and expenditure, growth and feeding reprogramming due to malnutrition.
